Epidemiological studies have shown that a high incidence of oral cancers is associated with chewing betel quid. Since chromosomal aberrations are involved in many types of cancers, we investigated whether increased frequencies of chromosomal alterations could be detected in the oral mucosa cells of betel quid chewers as compared to nonchewers. Due to the difficulty in culturing these epithelial cells, we used multicolor FISH with adjacent DNA probes to detect hyperdiploidy and breakage/exchanges affecting the 1cen-q12 region in interphase cells. Buccal mucosa cells from 19 male betel quid chewers and 23 non-chewers were hybridized and 1000 cells per donor were evaluated. A highly significant increase in the frequency of breakage affecting 1cen-1q12 region was observed in the mucosa cells of the chewers as compared to the non-chewers. A good correlation was also seen between breakage and duration of chewing. A modest increase in hyperdiploidy for chromosome 1 was also observed among chewers who had used betel quid for many years. These results indicate that this FISH approach can be useful for human biomonitoring, particularly for detecting alterations in nondividing cells.
Introduction
Epidemiological studies have shown that betel quid chewing with or without tobacco is associated with a high incidence of oral cancers (1) . The habit of chewing betel quid is widespread in South-East Asia and the South Pacific Islands (2) whereas chewing tobacco alone is more common in the United States (1) . Oral cancer is the sixth most common cancer in the world (3) but it is more prevalent in India, where it comprises 10% of the estimated 644 600 cancers that develop annually (4) . It is also recognized that Ͼ90% of all cancers originate in epithelial cells (5) . In view of these studies, the detection of chromosomal damage in buccal mucosa cells of betel quid chewers may be important in understanding genetic changes that contribute to oral cancer. Cytogenetic information from buccal mucosa cells is difficult to obtain using standard cytogenetic techniques, because the cells divide in the basal layer, migrate to the surface, and exfoliate as differentiated cells. Previous studies have shown that chromosomal damage can be detected in epithelial cells using the micronucleus assay (6) (7) (8) . Aneuploidy frequencies in epithelial cells can also be obtained from various tissues using fluorescence in situ hybridization with centromeric and chromosome-specific probes (9, 10) . We have recently developed a multicolor fluorescence in situ hybridization (FISH*) procedure using tandem DNA probes which allows the detection of breakage and hyperdiploidy affecting the heterochromatin region of chromosomes 1 and 9 in interphase cells (11) (12) (13) . Studies using cultured human lymphocytes have shown that the targeted heterochromatin regions frequently exhibit breakage following exposure to a variety of chemical and physical agents (14) (15) (16) . The recently developed tandem labeling procedure provides a novel approach for chromosome analyses where the isolation of metaphase chromosomes is difficult or impossible. Recently, we have applied this procedure to compare the relative sensitivity of non-cultured granulocytes and Go lymphocytes with cultured interphase and metaphase lymphocytes to various doses of ionizing radiation, and observed that this tandem labeling procedure was effective at detecting aberrations in non-cultured interphase cells (17) .
Since the buccal mucosa is in close contact with the bioactive components of betel quid and is the site affected by oral cancers, chromosomal alterations in this particular cell type may serve as early biomarkers of cancer predisposition and provide insights into oral carcinogenesis. Due to the difficulties in culturing this type of cell, we applied the tandem labeling procedure using multicolor FISH to study chromosomal aberrations affecting the 1cen-1q12 region in interphase oral mucosal cells.
Materials and methods

Subjects
Nineteen subjects with the habit of chewing betel quid with tobacco and 23 control subjects were recruited from workers at an enclosed vegetable market place in Hyderabad, India. Only male non-smokers or light smokers were selected for the study. All subjects were surveyed for personal information which included duration of betel quid chewing, number of quid used per day as well as lifestyle information such as age, smoking history, diet, consumption of coffee, tea, and alcohol, history of recent illness, and use of medication.
Betel quid
The main components of betel quid are raw betel leaf (Piper betle), betel nuts (Areca catechu), kivam (a gel form of tobacco extract, herbs, spices, flavors, glycerin, silver oils, saffron, and menthol), zarda (a mix of tobacco flakes, natural and synthetic flavors and aromatic spices), lime (calcium carbonate), and additional spices. Among the group studied, the practice was to smear the lime and kivam onto the betel leaf followed by zarda, betel nuts, and spices. The quid was then folded and chewed. According to questionnaire responses, the chewers did not consciously swallow any of these components.
Sample collection and slide preparation
Prior to sampling, the subjects were asked to rinse their mouth with water to remove betel quid components. All scrapings of the buccal mucosa were made with a wooden tongue depressor which was moistened with water prior to use. The surface cells were scraped from the buccal mucosa of both the right and left cheek of each individual. The cells were removed from the spatula by agitation in ice-cold 70% ethanol. After transport to a local laboratory, the cell suspension was centrifuged at 1200 rpm (300 g) for 10 min and the supernatant was discarded. The pellet was resuspended in fresh 70% ethanol, dropped onto a slide and air dried. All slides were stored under nitrogen at -20°C except during transport to the United States, during which time the slides were shipped at room temperature.
Fluorescence in situ hybridization
Prior to hybridization, slides were again fixed using Carnoy's fixative (3:1 methanol:acetic acid) for 30 min at room temperature. The cells were then treated with pepsin (300 µg/ml in 0.01 N HCl, pH 2.3-2.6; Sigma Chemical Co., St Louis, MO) for 25-30 min, then rinsed in PBS twice, each for 2 min, and fixed in 4% paraformaldehyde for 5 min at room temperature.
DNA probes
The details of the probes and hybridization procedures have been reported elsewhere (12) . Briefly, two chromosome 1-specific DNA probes were used for tandem labeling: an α-satellite probe specific for the centromeric region purchased commercially (Oncor, Gaithersburg, MD) (18) and the adjacent classical satellite probe, pUC1.77 (19) , specific for the pericentric heterochromatin at 1q12 which was labeled with digoxigenin-11-dUTP (BoehringerMannheim, Indianapolis, IN) by nick translation in our laboratory according to the protocol of the manufacturer (Bethesda Research Laboratories, Gaithersburg, MD).
The hybridization mixture containing 1 µl of digoxigenin-labeled classical satellite probe (5-20 ng), 1 µl biotin-labeled α-satellite probe (5-20 ng), 1 µl sonicated herring sperm DNA (1 mg/ml) and 7 µl of MM 2.1 hybridization mix (final concentration of 55% formamide/1ϫSSC/10% dextran sulfate) was denatured at 70°C and applied to slides which previously had been denatured in 70% formamide/0.3 M NaCl plus 0.03 M sodium citrate (pH 7.0) (2ϫSSC) and dehydrated. The slides and the hybridization mixture were incubated overnight at 37°C and washed in 60% formamide/2ϫSSC, three times for 5 min each and once in 2ϫSSC, all at 45°C. The slides were then rinsed twice in PN buffer (0.1 M phosphate buffer, pH 8.0, containing 0.5% NP-40) at room temperature. The digoxigenin-labeled classical satellite probe was detected using a mouse anti-digoxigenin antibody (3.2 µg/ml in PN buffer with 5% non-fat dry milk supernatant [PNM]; Boehringer-Mannheim, Indianapolis, IN) followed by a Texas Red-labeled goat anti-mouse antibody (10 µg/ ml in PNM; Molecular Probes, Eugene, OR). The biotinylated α-satellite probe was detected using fluorescein-conjugated avidin (5 µg/ml in PNM; Vector Laboratories, Burlingame, CA). The fluorescein signals were amplified once using a biotinylated anti-avidin antibody (5 µg/ml in PNM; Vector Laboratories, Burlingame, CA) followed by another layer of fluoresceinconjugated avidin. 4',6-Diamidino-2-phenylindole (DAPI, 2.5 µg/ml in phenyphenylenediamine antifade) was used to counterstain the DNA.
Scoring criteria
Slides were observed using a Nikon Optiphot II microscope equipped with fluorescence attachment and a triple-band-pass filter (Chroma Technology, Brattleboro, VT), a fluorescein filter (Nikon B2A) and a Texas Red filter (Chroma). For each subject, 1000 cells were scored from coded slides for aberrations involving the 1cen-1q12 region. The hybridization strategy using α-and classical satellite probe regions to detect breakage and hyperdiploidy has been illustrated previously (11, 12, 17) . Hybridization regions containing both the α-(green/yellow) and classical satellite (red) signals were scored as one intact copy of chromosome 1. A nucleus containing three or more intact copies of chromosome 1 was considered as a hyperdiploid cell. A nucleus containing only a red classical satellite signal in addition to two intact copies of chromosome 1 was scored as a break within the classical satellite region. A clear separation (generally more than the width of the probe region) between the α-and classical satellite regions was scored as a break between these two regions. Signals in buccal cells were often diffuse and frequently required focus adjustments. Clumps of cells or cells with broken nuclei were eliminated from scoring. Whenever signals were weak, a fluorescein filter (Nikon B2A) or a Texas Red filter (Chroma) was used to verify the signal.
Statistical analysis
The frequencies of hyperdiploidy and breakage in buccal mucosa cells of chewers and non-chewers were compared using the Mann-Whitney U test. Following this initial test, the influence of four variables, duration of chewing, number of quids per day, age and chewing status were also tested for their influence on the breakage frequencies using simple and multiple linear regression on transformed data. The ln(x ϩ 1) transformation was used for the analysis of breakage frequencies. The hyperdiploidy data were analyzed using Poisson regression. Critical values were determined using a 0.05 probability of type 1 error.
Results
Buccal mucosal cells were obtained from 19 male betel quid chewers and 23 male non chewers from the city of Hyderabad in Southern India. Key characteristics of the chewing and non chewing groups are shown in Table 1 . The subjects' ages ranged from 18 to 61 years with an average age of 38.4 for the chewers and 35.4 for the non chewers: This difference was not statistically significant. The chewers averaged 9.5 quid per day (range 0.3-20) and had chewed for an average of 12.7 years (range 2-31 years). As indicated in Table 1 , the dietary and smoking habits were similar between the chewers and the controls. The incidence of illness within the past 12 months was also comparable among the two groups and consisted primarily of colds and the flu. Of note, two of the chewers had had malaria, one chewer and one non-chewer reported thyroid problems, one nonchewer had a history of diabetes and another of asthma. Using this approach the frequencies of hyperdiploidy and breakage (including exchanges) affecting the 1q12 region were determined in the chewers and non chewers. A highly significant increase in the frequency of breakage and exchanges affecting this region was seen in the group of chewers as compared to the non-chewers (P ϭ 0.0001). The median frequency of breakage among the chewers was 0.002 with an interquartile range (IQR) of 0.001-0.003. In comparison, the median breakage frequency in the controls was 0.000 with an IQR from 0-0 (Figure 1b) . The frequency of hyperdiploid cells among the chewers (median 0.000, IQR 0-0.00075) was not significantly elevated as compared to the non-chewers (median 0.000, IQR 0-0) (Figure 1b) . However, it appeared that those who had chewed betel quid for the longest period of time had a somewhat higher incidence of hyperdiploidy. This was confirmed by using Poisson regression which indicated that there was a significant association between the frequency of hyperdiploid cells and duration of chewing (P Ͻ0.01) The frequencies of nuclei containing 0 and/or 1 hybridization regions did not differ significantly between the chewers and non-chewers. The influence of age, duration of chewing, number of betel quid per day, and chewing status on the frequencies of breakage was also determined using linear regression. A significant association between breakage and each of the variables was seen when using a univariate approach (P Ͻ0.05). The association observed between age and breakage appeared to be due to colinearity with duration of chewing as no age association was seen among the non-chewers. This is consistent with previous studies in which no association between age and micronucleus frequency was seen (20) . Multiple regression was used to investigate the relative contribution of the four variables to the frequencies of breakage seen. After eliminating age and status which were not significant in the complete model, the model simplified to: breakage ϭ 0.1538 ϩ 0.04456 (duration) ϩ 0.03182 (quid/day). In this model, both duration and number of quid per day were significantly associated with breakage (P Ͻ0.01) and the model accounted for 66% of the total variability (R 2 ϭ 0.66). Using either the multiple regression or simple regression approaches, duration of chewing was the variable most significantly associated with the frequency of breakage (R 2 ϭ 0.59). A similar association was also seen when the analysis was restricted to the data from the quid chewers (Fig. 2) .
Discussion
In the present study, multicolor FISH with adjacent DNA probes for the centric/pericentric regions of chromosome 1 was used to detect alterations affecting the 1cen-q12 region in non-cultured buccal mucosa cells of betel quid chewers and non-chewers. A significant increase in breakage/exchanges was observed in the chewing population compared to controls. There was also a significant association between breakage/ exchange frequencies and both duration of chewing and the number of quids used per day. This provides strong supportive evidence that the observed alterations were induced by the use of betel quid. The association between duration of quid chewing and breakage/exchanges is intriguing in that it indicates that continued exposure of the buccal mucosal cells to quid and its components may have induced persistent alterations in the oral mucosa. These results also indicate that this multicolor FISH approach may be an effective biomarker of early effect, as a similar relationship has been seen between the incidence of oral cancer and the duration of chewing as well as the number of quids used per day (21) .
Previous studies using the micronucleus assay have compared the frequencies of chromosomal alterations in the oral mucosal cells of betel quid chewers with those in non-chewers (22, 23) . These studies have demonstrated that chewers have significantly higher frequencies of micronuclei than do nonchewers. Additional studies have also demonstrated that supplementation of the chewers with vitamin A and β-carotene yielded a substantial decrease in the frequency of micronuclei in the mucosal cells (24) . This decrease could be detected within several months indicating a rapid turnover of damaged cells in this tissue. Related studies in which the formation of micronuclei was studied in the oral mucosal cells following treatment of patients with ionizing radiation for cancer of the head and neck showed that the frequency of micronucleated cells increased within a week following radiotherapy and returned to baseline levels within one month of the cessation of treatment (20, 25) . These results also support the transitory nature of chromosomal breaks originating in the mucosal stem cells.
In contrast, our results using multicolor FISH with the tandem probes showed a strong association between the frequency of breakage/exchanges and quid chewing which took place over periods encompassing many years (Fig. 2) . These results suggest that a portion of the alterations that are being detected using this FISH assay reflect persistent aberrations such as translocations and inversions which have occurred in the mucosal stem cell. This is consistent with previous in vitro studies conducted in our laboratory in which 30-50% of the alterations detected using the tandem FISH assay in irradiated cultured metaphase lymphocytes represented translocations, inversions or other complex rearrangements, which would be likely to persist in the affected cells (12) . Alternatively, the increase in the frequency of alterations affecting 1cen-1q12 could be a consequence of damage resulting in genetic instability, which has been reported to occur following breakage in the centromeric heterochromatin (26, 27) .
The detection of breaks in buccal cells using the tandem labeling procedure indicates that cell culture is not required for the detection of breakage/exchanges using this FISH approach. Furthermore, the ready availability of this tissue which can be collected using noninvasive techniques, indicates the potential for the use of this tissue for routine biomonitoring. However, it should be mentioned that there are some characteristics of buccal mucosal cells that increase the challenges in performing this type of study. Oral mucosal cells have a high degree of keratinization which can interfere with efficient probe penetration. Although the use of proteases can be used to facilitate penetration, these treatments can also affect nuclear morphology resulting in diffuse signals and increasing difficulties in scoring. Considerable donor to donor variability was also observed in the quality of the preparations and in hybridization efficiency. Furthermore, preparations often contain a significant number of pycnotic nuclei and debris which can make scoring more difficult. In additon, the low frequency of aberrant cells increases the difficulty of statistical analysis. In spite of these limitations, these results demonstrate that FISH techniques can be used to detect structural and numerical alterations occurring in this cell type.
Conclusions
In summary, we have observed a high frequency of alterations affecting 1cen-1q12 region in the buccal mucosa cells of betel quid chewers which showed a significant association with duration of chewing and number of quids used per day. Breakage affecting the heterochromatin regions of human chromosomes 1, 9, 16 has been seen in many cancer types and may contribute to tumor development (28) (29) (30) . Consequently, the ability to detect chromosomal aberrations in the heterochromatin of epithelial cells may be a potentially powerful tool for monitoring individuals at increased risks for cancers occurring in epithelial tissues.
